[1] We quantified hydrologic source areas and flow paths, acid-base and aluminum chemistry, dissolved organic carbon dynamics, and mercury mobilization during snowmelt at the Hubbard Brook Experimental Forest (HBEF), New Hampshire, USA. Here we show (1) episodic acidification during snowmelt at the HBEF is controlled by multiple mechanisms (base cation dilution, nitrate and aluminum acidity, and natural organic acids) and persists despite long-term decreases in acidic deposition; (2) episodic acidification continues to result in mobilization of inorganic monomeric aluminum to concentrations toxic to fish; (3) DOC mobilized from shallow organic soils during snowmelt results in the mobilization of mercury from these same sources; (4) methyl mercury may be produced in the forest floor over winter and flushed from soils during snowmelt; (5) the amount of mercury released during snowmelt likely represents a large portion of annual mercury export; and (6) hydrologic source areas and flow paths, as well as DOC dynamics, strongly influence episodic acidification and the mobilization of mercury, even in a watershed with low stream water DOC concentrations and export. 
Introduction
[2] Environmental perturbations such as acid and mercury deposition do not occur in isolation, and ecosystem recovery from such perturbations will likely have some degree of interdependence. Hydrological processes and dissolved organic carbon (DOC) dynamics that link terrestrial and aquatic ecosystems are, in part, drivers of episodic acidification, aluminum mobilization, and mercury transport from terrestrial to aquatic ecosystems. Although previous stream research has demonstrated a strong relationship between mercury concentration and discharge [e.g., Schuster et al., 2008; Balogh et al., 2006; Shanley et al., 2005 Shanley et al., , 2002 Babiarz et al., 1998; Scherbatskoy et al., 1998; Bishop et al., 1995] , and between mercury and water column carbon (i.e., POC and DOC) [e.g., Meili, 1991; Mierle and Ingram, 1991; Shanley et al., 2002; Kolka et al., 2001] , no previous studies have made detailed multisolute observations of acid-base and aluminum chemistry in conjunction with mercury species across event hydrographs. By quantifying mercury mobilization within the context of episodic acidification, the objective of this study was to improve understanding of hydrologic and biogeochemical controls governing mercury transport from terrestrial to aquatic ecosystems.
[3] Terrestrial ecosystems mediate the transport of atmospheric deposition to and thus the ultimate effects of atmospheric deposition on surface waters. The degree to which acid deposition acidifies surface waters is a function of watershed characteristics, including elevation, forest type, bedrock, soil depth, base saturation, and hydrologic flow paths [e.g., Lovett et al., 1996; Schaefer et al., 1990; Driscoll et al., 1987; Newton et al., 1987; Chen et al., 1984] . Acidification of these drainage waters, in turn, facilitates the export of labile (inorganic) monomeric aluminum (Al i [Driscoll and Postek, 1995; Johnson et al., 1981] ). Watersheds additionally mediate surface water acidification and aluminum mobilization through the supply of natural organic solutes (i.e., dissolved organic carbon, DOC) Cirmo and Driscoll, 1993; Driscoll et al., 1989 Driscoll et al., , 1988 . Thus, the mode and magnitude of surface water acidification and aluminum mobilization is a function of both atmospheric deposition, and the hydrological and biogeochemical processes characteristic of individual watersheds.
[4] Similarly, terrestrial ecosystems also mediate the transport of mercury, influencing the amount, timing, and chemical form that is ultimately delivered to aquatic ecosystems. Watershed characteristics affect the amount of mercury deposited to the landscape as well as the form of mercury that is delivered to surface waters. In general, forests enhance mercury deposition to terrestrial ecosystems [St. Louis et al., 2001; Rea et al., 2002] , and there is some evidence that forest type influences the magnitude and form of mercury deposited [Demers et al., 2007; Miller et al., 2005] . Despite enhanced deposition of mercury, upland forest watersheds generally exhibit lower export of mercury than agricultural and wetland dominated watersheds, due to lower particulate mercury losses in comparison to agricultural ecosystems and lower dissolved mercury losses in comparison to wetland ecosystems. The strong retention of mercury in soils of upland ecosystems is linked to organic matter [Grigal, 2002 [Grigal, , 2003 Yin et al., 1997; Meili, 1991] , likely associated with reduced sulfur and nitrogen groups (i.e., thiols and amines [Khwaja et al., 2006; Drexel et al., 2002; Skyllberg et al., 2000] ). Subsequent mobilization of mercury is dependent upon decomposition and erosional processes that release dissolved and particulate organic matter. Wetlands also influence the form of mercury released to surface waters, and the amount of methyl mercury in fish has been correlated with the percentage of wetlands within the entire watershed , as ionic mercury is transformed to methyl mercury within anoxic wetland soils [Branfireun et al., 1998; St. Louis et al., 1996] . Thus, the magnitude and form of mercury mobilized from the terrestrial ecosystem to surface waters is also a function of both the atmospheric deposition, and the hydrological and biogeochemical processes as influenced by watershed characteristics.
[5] Terrestrial ecosystems that have been previously impacted by acid deposition may subsequently limit recovery of affected aquatic ecosystems following reductions in inputs. Recovery of acid-impacted watersheds is dependent upon not only reductions in acidic deposition, but also the rate of chemical weathering that will resupply base cations leached during soil acidification and the net loss of sulfur stored from a legacy of elevated atmospheric sulfur deposition . Recovery of surface waters (and associated fisheries) from mercury contamination is, in part, dependent upon the rate at which mercury is transferred from the uplands to downstream aquatic ecosystems; that is, the residence time of mercury in the terrestrial soil environment. Because mercury transport has been linked to DOC transport, changes in the mobilization of DOC that may occur in concert with environmental change or recovery from acidification may significantly affect mercury transport. In order to predict the recovery of surface waters from elevated atmospheric acid and mercury deposition (e.g., acidification and associated aluminum toxicity, mercury contamination), it is imperative that we not only understand the biogeochemical processes and hydrologic connectivity governing chemical transfer between terrestrial and aquatic ecosystems, but also how recovery from environmental perturbations may be linked through those biogeochemical processes and hydrologic controls.
[6] Hydrologic connectivity between uplands and surface waters is dynamic, with changes in hydrologic flow paths being driven by storm events and seasonal fluctuations. As water tables rise, longer flow paths through deeper terrestrial soils can be short-circuited [e.g., Dittman et al., 2007; Chen et al., 1984] . At sites where the rate of infiltration is high (as at the HBEF [Pierce, 1967] ) hydrologic events may result in shallow lateral flow through organic rich soils, thus promoting the transport of DOC to surface waters. In the absence of lateral flow, soil solutions migrate vertically through the soil profile, resulting in podzolization, as aluminum and iron are leached from upper mineral horizons and immobilized in lower mineral horizons by organic acids derived from leaf litter and the forest floor [Driscoll and Postek, 1995; De Coninck, 1980] . Thus, as flow paths and source areas shift in response to hydrologic events, a corresponding shift occurs in the composition of soil solutions contributed to surface waters.
[7] Despite changes in flow paths during high-flow events, Likens and Bormann [1995] show that the concentrations of many chemical components change little with increases in discharge at the Hubbard Brook Experimental Forest. In contrast, the concentration-discharge relationships for TSS, DOC, and mercury are more dynamic at the HBEF and at other sites [e.g., Shanley et al., 2002; Scherbatskoy et al., 1998; Bishop et al., 1995; Likens and Bormann, 1995] and result in an exponential increase in total flux as concentration increases with increasing discharge. In dilute systems, even small changes in concentration-discharge dynamics can have important implications, especially where ecological effects may be threshold-dependent. For example, high nitrate pulses during snowmelt can have deleterious effects on the water quality of downstream ecosystems [e.g., Sullivan et al., 1997; Schaefer et al., 1990; Driscoll et al., 1987; Driscoll and Schafran, 1984] , and associated increases of labile (inorganic) monomeric aluminum may be harmful to aquatic biota if toxic thresholds are exceeded [e.g., Baker et al., 1996; Van Sickle et al., 1996; Gagen et al., 1993 Gagen et al., , 1994 Baker and Schofield, 1982] . Thus, knowledge of both the total annual load and the timing and distribution of the delivery of those loads from uplands to surface waters is important in assessing the recovery of aquatic ecosystems in response to decreases in the deposition of atmospheric pollutants to terrestrial watersheds.
[8] High-flow events are also important to the transfer of mercury from watersheds to surface waters [Schuster et al., 2008; Shanley et al., 2002; Scherbatskoy et al., 1998 ], and the quantity and form of mercury flux during high-flow events is dependent upon watershed characteristics [e.g., Babiarz et al., 1998; Hurley et al., 1998 Hurley et al., , 1995 Bishop et al., 1995] . Recent evidence suggests that mercury retention within terrestrial ecosystems of the midwestern and northeastern United States and Canada has declined from about 95% to 78% of annually deposited mercury [Engstrom and Swain, 1997; Lorey and Driscoll, 1999; Kamman and Engstrom, 2002] . However, there is currently a lack in understanding of the mechanisms that govern the release of mercury from terrestrial soils [Munthe et al., 2007] . Hence, although it is important to constrain current estimates of mercury flux from the terrestrial landscape, we must also strive for a mechanistic understanding of the hydrological and biogeochemical processes governing the transfer of mercury from soils to surface waters.
[9] In this study we use base flow and soil solution chemistry as end-members from which to model event flow paths and contributing source areas during snowmelt in the reference watershed (W6) at the Hubbard Brook Experimental Forest. We provide detailed observations of acidbase and aluminum chemistry, DOC dynamics, and mercury mobilization across the snowmelt hydrograph. Based on our observations of acid-base chemistry, DOC dynamics, and modeled hydrologic flow paths, we infer source and process level controls on mercury mobilization. Here we show that the dynamics of episodic acidification, aluminum mobilization, and mercury transport are linked through hydrological and biogeochemical processes that influence the source and character of the DOC supply from terrestrial to aquatic ecosystems.
Methods

Site Description
[10] In this study we quantify soil solution and stream chemistry in watershed 6 (W6) at the Hubbard Brook Experimental Forest (HBEF) in the southern White Mountains of New Hampshire, USA (43°56 0 N, 71°45 0 W). Watershed 6 (W6), the biogeochemical reference watershed at the HBEF, is 13.2 ha in area, located on the south facing slope (mean slope 15.8°, aspect S32°E), has an elevation ranging from $540 m at the weir to $800 m on the ridge, and is gauged with a modified San Dimas flume (Likens and Bormann [1995] and www.hubbardbrook.org).
[11] The climate of the HBEF is humid continental, with short, cool summers and long, cold winters [Likens and Bormann, 1995] . Average daily mean temperature (1956 -2000) is 5.6°C, with mean monthly temperature increasing to 18.7°C in July, and decreasing to À8.3°C in January [Bailey et al., 2003] . Average annual precipitation at the HBEF (W6) is $1,400 mm [Bailey et al., 2003] , with $30% delivered as snow [Likens and Bormann, 1995] . A snowpack develops and usually persists from mid-December through mid-April. At an elevation of $560 m (reflecting low-to middle-elevation hardwoods on the south facing slope), peak snow depth ($1.0-1.5 m) occurs in March, and has a snow water equivalent (SWE) of $200 mm [Bailey et al., 2003] . As a result of this snowpack, forest soils usually remain unfrozen throughout the winter [Likens and Bormann, 1995] . Annual estimated evapotranspiration is $500 mm [Bailey et al., 2003] . Precipitation is distributed evenly throughout the year, whereas approximately one third of total streamflow occurs during the snowmelt period (late March through early May). Soils at the HBEF are well-drained Spodosols, predominantly Haplorthods of sandy loam texture [Johnson et al., 2000; Likens and Bormann, 1995] . Precipitation (and snowmelt) infiltrates the soil rapidly, resulting in negligible overland flow [Detty, 2008; Pierce, 1967] .
[12] Stream chemistry at the weir during snowmelt was interpreted within the context of soil solutions and longitudinal stream samples taken from W6 on 28 April 2005. This snapshot characterization of acid-base chemistry and DOC dynamics along this elevational gradient is part of monthly monitoring ongoing at the HBEF since $1984 [Johnson et al., 2000] . Watershed 6 was initially divided into three subcatchments of roughly equal area based on elevation and topography ( Figure 1) ; subsequently, W6 was divided into vegetation zones. The uppermost subcatchment ($710 -800 m) represents $41% (5.4 ha) of the watershed (as calculated from grid map data at www.hubbardbrook. org). Within the uppermost elevational subcatchment, the spruce-fir-birch (SFB) and the high-elevation hardwoods (HH) are the dominant vegetation zones. The dominant vegetation in the SFB zone includes red spruce (Picea rubens Sarg.), balsam fir (Abies balsamea L.), and white birch (Betula papyrifera var. cordifolia Marsh.). The SFB zone (1.6 ha, $12% of total catchment area) occurs along the ridge in the northeastern corner of the watershed, where the topography is relatively flat, soils and till are shallow, and some bedrock is exposed. Soils in the SFB zone have a thick O horizon ($8.9 cm) and an average total depth of 42.8 cm to C horizon or bedrock [Johnson et al., 2000] . The high hardwood zone (HH, 3.4 ha, $26% of total catchment area) covers most of the rest of the upper subcatchment, and is dominated by American beech (Fagus grandifolia Ehrh.), yellow birch (Betula allegheniensis Britt.), and sugar maple (Acer saccharum Marsh.). Soils in the high hardwoods are generally deeper ($6.0 cm O horizon, $64.5 cm total depth) but often lie directly on bedrock with no C horizon present [Johnson et al., 2000] . The middle subcatchment ($625 m to 710 m, 4.5 ha) is mostly dominated by sugar maple and beech. The lower subcatchment ($540 m to 625 m, 3.1 ha) is a more equal mix of sugar maple, beech, and yellow birch. Together, the middle and lower subcatchments are collectively studied as the low hardwoods zone (LH, 7.9 ha, $60% of total catchment area). The soils in the LH zone are deeper, and underlain by dense glacial till ($6.4 cm O horizon, $60.5 cm total depth to C horizon), and the stream flows continuously at this elevation except in times of drought [Johnson et al., 2000] .
Sampling Procedures
[13] Stream samples obtained to characterize stream water chemistry across the snowmelt hydrograph were taken just above the weir in W6. Samples for mercury analyses were collected in new 2 L PETG bottles, using clean procedures [United States Environmental Protection Agency, 1996] . Samples for analysis of dissolved organic carbon (DOC) and total suspended solids (TSS) were collected in clean, oven-baked 1 L amber glass bottles. Stream water for the remaining chemical analyses was collected in polyethylene bottles and filled to minimize headspace. Samples were kept cold and in the dark until sample filtering and preservation (i.e., within 48 h of sampling).
[14] Soil solutions were collected during the snowmelt period from tension-free lysimeters installed in the Oa, Bh and Bs soil horizons at 3 sites adjacent to W6 at elevations of 750 m (SFB zone), 730 m (HH zone), and 600 m (LH zone). Additional information about lysimeter placement, construction, and installation is available (Johnson et al. [2000] , Dahlgren and Driscoll [1994] , Driscoll et al. [1988] , and online at www.hubbardbrook.org).
[15] Longitudinal stream samples were collected from 6 sites spaced along an elevational gradient between the stream origin and the weir in W6 (Figure 1 ), and were collected in conjunction with soil solutions. Stream sites 1 and 2 primarily drain the SFB zone, sites 3 and 4 primarily drain the SFB and HH zones, and sites 5 and 7 drain the combined SFB, HH, and LH zones (there is no site 6 [Palmer et al., 2004] ). Snow depth and snow water equivalent (SWE) were measured weekly at elevations of 560 m and 760 m on the south facing slope at the HBEF, and reflect snow conditions at low-to middle-elevation hardwood forests and high-elevation hardwood forests, respectively [Bailey et al., 2003; A. S. Bailey, Snow Depth and Snow Water Data, 2005 , available at www.hubbardbrook.org, hereafter Bailey, 2005] .
Chemical Analyses
[16] Standard procedures were used for the analysis of chemical parameters in stream water. The pH, acid neutralizing capacity (ANC), and dissolved inorganic carbon (DIC) were determined for bulk (unfiltered, unpreserved) samples. Cations, anions, silica, and monomeric aluminum (Al m ) samples were syringe filtered (0.45 mm polypropylene). For TSS, the entire one liter sample was filtered through a preweighed glass fiber filter (0.7 mm, prebaked at 450°C) into a clean flask. The filtrate was then subsampled for analysis of DOC. Samples for analysis of mercury were vacuum filtered through a 0.45 mm Teflon membrane following clean techniques. Both filtered and unfiltered samples were poured into Teflon bottles subsequent to filtering, acidified to 0.4% with hydrochloric acid and stored in the dark at 4°C until analysis. The concentration of total mercury (all forms of mercury) was determined for both unfiltered (Hg t ) and filtered (Hg d ) samples. The concentration of particulate bound mercury was estimated by difference (i.e., Hg p = Hg t -Hg d ). The concentration of methyl mercury (MeHg) was also determined for both unfiltered (MeHg) and filtered (MeHg d ) samples. Methods used for chemical analyses and quality control and quality assurance are described in auxiliary material. 
Acid-Base Calculations
[17] We summarized acid-base chemistry using the following equations; all components are expressed in meq/L; base cations, metal cations, and inorganic acid anions are denoted by C B , Me n+ , and C A , respectively (equations (1)- (6)).
[18] Organic acid anion [A À ] was determined by charge balance discrepancy [Driscoll and Newton, 1985; Driscoll et al., 1989 Driscoll et al., , 1994 (equation (7)). We determined the charge associated with inorganic monomeric aluminum (Al i ) and other metal cations from speciation calculations using the chemical equilibrium model CHEAQS Pro 2007.1 (Chemical Equilibria in Aquatic Systems, Wilko Verweij, available online at http://home.tiscali.nl/cheaqs/index.html). The proportion of strong acids (A s ) and weak acids (A w ) were estimated [Munson and Gherini, 1993] (equations (8) and (9)) and organic acid anion charge density was determined by dividing [
2.5. Hydrograph Separation
We performed a hydrograph separation for the snowmelt period by utilizing a principal components analysis (PCA) [McCune and Grace, 2002] combined with an end-member mixing analysis (EMMA) model following Christophersen and Hooper [1992] as well as others [Burns et al., 2001; Wellington and Driscoll, 2004] . Procedural details are described in auxiliary material. hereafter Campbell and Bailey, 2005) . Overall, flow ranged from 1.3 L/s at base flow to 162 L/s during peak flow ( Figure 2 ). Two rain-on-snow events dominated snowmelt discharge, the first on 3 April (71 mm, 162 L/s) likely representing a greater proportion of snowmelt from the lower elevations, and the second on 24 April (62 mm, 122 L/s) likely representing a greater proportion of snowmelt from higher elevations (see section 3.2). These two high-flow events coincided with 51 mm and 106 mm of rainfall, respectively (Figure 2 ) (Campbell and Bailey, 2005) . Maximum snow depth in the low-to middle-elevation hardwoods (at 560 m) was 70.1 cm (SWE = 17.5 cm); this low-elevation zone was snow-free by approximately 11 April. Maximum snow depth in the high hardwoods (at $760 m) was 93.7 cm (SWE = 23.9 cm); this higher-elevation zone was snow free by approximately 26 April (Bailey, 2005) . Snow depth, SWE, timing of snowmelt, the amount of precipitation during snowmelt, and snowmelt runoff were near average relative to the long-term record at the HBEF (Table 1) . Sampling coverage included two base flow samples prior to snowmelt (Q = 1.3, 1.4 L/s) and one base flow sample after snowmelt (Q = 3.1 L/s (Figure 2) ); the remaining samples were obtained over a range of elevated flows (Q = 5.0 to 93.4 L/s), although the two largest discharge peaks were sampled only on their descending limbs. Overall, the snowmelt period was well characterized by the sampling effort across the hydrograph (Figure 2 ).
Hydrograph Separation
[21] A chemical separation of the hydrograph using principal components analysis (PCA) and an end-member mixing analysis (EMMA) model revealed that a large proportion of stream discharge was derived from shallow soil water during the snowmelt period (Figure 2 ). This model result is in good agreement with previous research within this watershed [Dittman et al., 2007; Lawrence and Driscoll, 1990; McDowell, 1985] . The first principal component appeared to represent variation between deep soil water and shallow soil water contributions to the stream, whereas the second principal component appeared to represent differences in soil solution chemistry along an elevational gradient within the watershed (Figure 3 ). The first principal component accounted for 69.7% of the variation in solute chemistry, whereas the second principal component accounted for an additional 19.0%, together explaining 88.7% of the variation in the model. Note that most studies differentiate source water contributions along a vertical gradient within the soil profile (i.e., principal component axis one) [e.g., Christophersen and Hooper, 1992; Wellington and Driscoll, 2004] , whereas few separate sources among geographically distinct areas [Burns et al., 2001] or consider an elevational gradient of subcatchments [e.g., Johnson et al., 2000; Lawrence and Driscoll, 1990; Driscoll et al., 1988] . Conceptually, this reflects that subcatchment contributions to total watershed discharge are often approximated using relative watershed area. However, as subcatchments have differing amounts of accumulated snow and differ in their timing and rate of snowmelt along the elevational gradient, it is reasonable to expect that the relative contribution of each subcatchment along an elevational gradient might shift as the snowmelt period proceeds. Moreover, Lawrence and Driscoll [1990] showed that contributions from subcatchments along an elevational 1985 -1994 and 1995 -2004 periods. For the purposes of this historic context, the snowmelt period was determined to begin at date of maximum snowpack in the low-/middle-elevation hardwoods and end at date of snowpack disappearance in the high-elevation hardwoods. Summary data were compiled from data available online at www.hubbardbrook.org (Bailey, 2005; Campbell and Bailey, 2005 [22] Snowmelt hydrograph separations have also been performed in other watersheds at the HBEF. Hooper and Shoemaker [1986] used stable isotopes of water and dissolved silica to separate old and new water during snowmelt in W3, showing that the discharge was dominated by old water (i.e., water that was present in the watershed prior to snowmelt). Wellington and Driscoll [2004] used a PCA-EMMA to separate sources of stream water during snowmelt in W9 (a north facing conifer-dominated watershed), finding that shallow soil water was a dominant source of stream water during high flows. Neither of these previous studies at Hubbard Brook attempted to distinguish geographically distinct source areas within the watershed.
[23] In our study, the PCA-EMMA showed that three distinct soil water end-members bounded the chemical composition of stream water (Figure 3) . The deep soil water end-member was represented by preevent stream base flow. Shallow soil water end-members were represented by soil solution from lysimeters in subcatchments along an elevational gradient (Figure 1 ). The first shallow soil water endmember was represented by the average soil water chemistry from the O a , B h , and B s horizons in the LH subcatchment. Soil solution chemistry from the HH and SFB subcatchments clustered together during PCA, and thus their average solution chemistry was used for the second shallow soil water end-member.
[24] According to the PCA-EMMA model, the contribution of shallow soil water to total stream discharge ranged from 21% at the onset of snowmelt (10.9 L/s) to 78% at the sampled peaks in discharge (93.4 L/s (Figure 2) ). An analysis of the elevational component revealed that the contribution of shallow soil water from the HH and SFB subcatchments was more dynamic and occurred later during the snowmelt period (as snowmelt was delayed at elevation), contributing 29% and 42% of stream discharge during the two largest flows measured (Figure 2) .
[ , respectively). The slope was closer to unity for Ca and Mg, solutes that were most associated with the first principal component and were expected to behave most conservatively.
[26] Modeled soil water contributions also agreed qualitatively with the observed patterns in soil lysimeter and stream water chemistry not explicitly included in the model. Nitrate is known to peak during snowmelt (as it does in this study), and Campbell et al. [2006] used dual isotope analysis to demonstrate that this nitrate originates from shallow soils and has been processed prior to entry into the stream (i.e., nitrate is not directly contributed from meltwater). Dittman et al. [2007] also showed that shallow flow short-circuits deeper flow paths at higher elevations during high flow in this watershed. Moreover, soil solutions collected from lysimeters during the snowmelt period represent sources of nitrate and DOC that are available for export through shallow flow paths during high-flow events, and nitrate and DOC concentrations in these soil solutions during snowmelt were high enough to contribute to peak concentrations observed in stream water (Tables 2, 3 , and 4). Overall, modeled flow paths demonstrate a spatially and temporally dynamic connectivity between terrestrial and stream ecosystems. 
Episodic Acidification 3.3.1. Decreases in ANC and pH
[27] Acid neutralizing capacity (ANC) and pH were lowest during episodes of high stream discharge, with the greatest depression in ANC during discharge peaks at the onset of snowmelt (Figure 4) . The pH decreased to 4.85 from a base flow pH of 5.25 during each of the two highestflow events (Figure 4) . ANC decreased by 7.9 meq/L during the initial high-flow event (3 April, DOY 94) and 5.9 meq/L during the latter high-flow event (24 April, DOY 115 (Table 2) ) to a minimum value of À1.6 meq/L (Figure 4) . These results are in agreement with previous studies of episodic acidification during snowmelt, which have shown that the largest pulses of acidification occur during the first flush of water from shallow soils of acid-impacted forested ecosystems [e.g., Wigington et al., 1996, and references therein] .
[28] Multiple mechanisms control episodic acidification during spring snowmelt in lakes and streams of the northeastern United States, driven in part by differences in hydrologic flow paths through the watershed (Schafran and Driscoll [1993] , Schaefer et al. [1990] , Wigington et al. [1996] , and supported by data herein). Depression of ANC and pH in moderate-/high-ANC waters (associated with deep till and deep flow paths) results from meltwater dilution of groundwater-contributed base cations [Schaefer et al., 1990] . Depression of ANC and pH in low-ANC waters (associated with thin tills and shallow flow paths) coincide with pulses of nitrate, aluminum, and associated acidity from the forest floor to the stream during snowmelt [Schaefer et al., 1990] . Sulfate acidity is more important to chronic baseline acidification and nonsnowmelt driven acid episodes [Wigington et al., 1996] . In lakes with ANC near 0 meq/L (like HBEF stream water), Schaefer et al. [1990] showed that both C B dilution and contributions of nitrate, aluminum, and associated acidity are important drivers of episodic acidification.
[29] In this study, decreases in base cation concentrations in excess of decreases in inorganic strong acid anion concentrations were, in part, responsible for decreases in ANC (i.e., a C B dilution mechanism (Figure 4) ). Overall, base cation patterns resulted from decreases in sodium, magnesium, and calcium (DNa + > DMg 2+ > DCa 2+ ; K + increased (Table 2) ). Patterns in total inorganic strong acid anions largely resulted from decreases in sulfate (from 86.0 to 61.8 meq/L) that were only partially offset by increases in nitrate (from 1.9 to 15.2 meq/L) (i.e., a nitrate supply mechanism). Note that these peak snowmelt nitrate concentrations (mean = 4.6 meq/L [SE = 0.8]) are low relative to the historic record of volume weighted average monthly nitrate concentrations measured in W6 during the extended snowmelt period (March, April, and May), a time that is typically characterized by high nitrate pulses [Bernhardt et al., 2005] . As predicted by Schaefer et al. [1990] for waters near 0 meq/L ANC, episodic acidification at the HBEF appears to be under dual control (i.e., both C B dilution and nitrate supply mechanisms). Base cation dilution remained important throughout the snowmelt period, as small decreases in C B may represent a large proportion of the ANC in low-ANC waters. Nitrate supply was important only in the initial high-flow event of snowmelt, as the nitrate:sulfate equivalent ratio increased by an order of magnitude from base flow ($0.02 to 0.25, calculated from data in Table 2 [ Sullivan et al., 1997] ). This short-term contribution of nitrate is consistent with the initial flushing of mineralization by-products from soil during the early phase of snowmelt [Sebestyen et al., 2008] .
Aluminum Mobilization
[30] Aluminum usually fluctuates in concert with nitrate during snowmelt driven acid episodes; however, in this study, stream concentrations of aluminum remained elevated after nitrate concentrations declined (Table 2) . Thus, aluminum made up most of the deficit in positive charge due to dilution of base cation concentrations throughout snowmelt (Figure 4) . Although aluminum mobilization buffers against decreases in ANC [ Driscoll and Postek, 1995] , a large percentage of free acidity during snowmelt (29% -36%), and in base flow after snowmelt (43%), resulted from hydrolysis of mobile Al i (the toxic form of aluminum).
[31] Aluminum is mobilized from the forest floor by both strong inorganic and strong organic acids [e.g., David and Driscoll, 1984; McDowell and Wood, 1984; Driscoll and Postek, 1995] . Both Al i and Al m concentrations in soil solutions were equal to or greater than Al i and Al m concentrations in stream water (Tables 3 and 4). As DOC decreased vertically through the soil profile, with elevation down through subcatchments, and downstream during snowmelt, the proportion of Al m as Al i increased. At the weir, Al i accounted for 44.6% of Al m in preevent base flow, and nearly doubled to 74.6% (SE = 2.0%) throughout the snowmelt period. In contrast, in a high-DOC stream at the HBEF (W9, a north facing conifer-dominated watershed), increases in Al m were mainly due to increases in Al o [Wellington and Driscoll, 2004] . Nonetheless, our results generally agree with other studies of aluminum speciation during high-flow events showing that Al i increases with decreases in pH [Driscoll et al., 1980 Driscoll and Postek, 1995] . This pattern suggests that episodic aluminum mobilization in dilute systems may result in high concentrations of Al i due to limitations of DOC to bind Al i .
[32] Inorganic monomeric aluminum (Al i ) concentrations exceeded the $2 mmol/L threshold known to be toxic to fish when flows were still low at the onset of snowmelt, and Al i remained elevated throughout the snowmelt period regardless of flow conditions (2.5 -7.3 mmol/L, Q = 3.1-93.4 L/s (Figure 4) Van Sickle et al., 1996; MacAvoy and Bulger, 1995; Gagen et al.,1994; Baker and Schofield, 1982; Driscoll et al., 1980] ). Whereas decreases in volume weighted average monthly concentrations of Al i [Palmer and Driscoll, 2002] , sulfate [Likens et al., 2002] , nitrate [Bernhardt et al., 2005] , and calculated alkalinity (C ALK (Figure 5) ) exported from W6 during snowmelt over the historic record may be indicative of some recovery from soil acidification, observations of high stream Al i and nitrate concentrations during snowmelt in this study somewhat contradict the notion of recovery from acidification. 3.3.3. Dissolved Organic Carbon, Organic Acid Anions, and Total Suspended Solids
[33] Dissolved organic carbon (DOC), and organic acid anion (A À ) concentrations in stream water increased during snowmelt, despite the typically dilute nature of this system. TSS was nearly undetectable, but concentrations increased during the highest flows (4.4 and 17.0 mg/L TSS, at 70.2 and 93.4 L/s discharge, respectively (Figure 6) ). DOC concentrations ranged from 109.7 to 278.9 mmol C/L, and correlated strongly with discharge (r 2 = 0.82, p < 0.0001 (Figure 6) ). 
Spruce-fir-birch Not surprisingly, organic acid anion (A À ) concentrations increased with increases in DOC (r 2 = 0.78, p < 0.0001 (Figure 4) ). With respect to acidification processes, organic acid anions were assumed to provide the balancing negative charge [Driscoll et al., 1989 ; this was reflected by the greater concentration of (A À ) released in the final high-flow event (24 April, DOY 115) as the initial flushing of nitrate subsided and Al i concentrations remained elevated. This pattern may suggest that aluminum was mobilized from within shallow soils by strong organic acids (especially late in snowmelt) in addition to being mobilized by strong inorganic acids (i.e., nitrate) which was more evident during early snowmelt.
[34] All organic acids in stream water draining W6 during snowmelt were weakly acidic (as calculated with equations (7) - (9)), a result somewhat inconsistent with research on the nature of organic acids in the northeastern United States. For example, Wellington and Driscoll [2004] found that most organic acids in W9 stream water were strongly acidic in nature (W9 is a north facing coniferdominated watershed). In an Adirondack lake survey, Driscoll et al. [1994] found about one third of organic acids to be strongly acidic. Munson and Gherini [1993] showed that organic acids contain a range of acidic functional groups (many of which display weak acid characteristics) with a substantial fraction as strong acids (i.e., pK a < 3). Kramer et al. [1990] showed that organic acids at highelevation lakes (>530 m) in the USEPA's Eastern Lakes Study had a predominance of organic acids with low pK a values, shifting to higher pK a values (i.e., weaker organic acids) at lower elevations. Kramer et al. [1990] suggest that this shift results, in part, from degradation of low pK a low molecular weight organic acids, and the production of stable phenolic compounds at lower elevations associated with increasing hydrologic residence times. Kramer et al. [1990] further suggest that the elevation and residence time patterns of DOC degradation result from differences in flow paths through the watershed. The hypothesis of Kramer et al. [1990] is consistent with observations of organic acids along vertical gradients within the soil profile and along longitudinal stream gradients at Hubbard Brook (note W6 weir elevation at $540 m). Specifically, the proportion of weak acids (i.e., [A w ]/[A À ]) generally increased with increasing soil depth (Table 3 ) and along the longitudinal gradient within the stream (Table 4) . Thus, organic acids in solutions sampled from shorter more shallow hydrologic flow paths were less processed and more strongly acidic in nature than organic acids in solutions sampled from longer flow paths. Ultimately, the prevalence of weak acids in stream water at the weir suggests that DOC associated with shallow flow paths and strong organic acid anions at the top of the watershed is either diluted or rapidly processed, or both, before being delivered to the weir, even during the snowmelt period.
[35] The charge density of organic acid anions ([A À ]/ [DOC], meq/mmol) increased from À0.025 to 0.050 meq/mmol mol (pH 4.8-5.3) across the hydrograph in conjunction with higher flows and greater concentrations of DOC. This pattern was likely due to changes in the character of stream DOC from different soil horizons and/or source areas of the watershed that became more hydrologically connected to the stream under high-flow conditions [Dittman et al., 2007; Lawrence and Driscoll, 1990; Hooper and Shoemaker, 1986 ] (see section 3.2).
Multiple Mechanisms of Episodic Acidification
[36] Multiple mechanisms influence episodic acidification across the snowmelt hydrograph in the dilute waters of the reference watershed at the HBEF. Dilution of base cations is important throughout the snowmelt period. Nitrate and aluminum acidity drove ANC to negative values only during the initial high-flow event of snowmelt, whereas aluminum acidity persisted throughout the snowmelt event, even after nitrate concentrations declined. Finally, low concentrations of DOC and associated organic acids appeared to play a key role in acidification processes throughout snowmelt, with the role of [AÀ] persisting and becoming proportionally more important after nitrate concentrations declined later in the event. These results mostly agree with the results from the Episodic Response Project [Wigington et al., 1996] , which concluded that base cation dilution and organic acid production were the most important ion changes during episodic acidification (as based on absolute changes), with nitrate more important in snowmelt driven events and organic acids more important in coniferous and mixed deciduous forests. Thus, given that W6 at the HBEF is a mixed coniferous and deciduous forest with a substantial snowpack, and that stream water ANC is typically near 0 meq/L, the three mechanisms hypothesized to be important based on these watershed characteristics all did influence acidification during snowmelt. Ultimately, differences in hydrologic source areas and flow paths within (and among) watersheds are key drivers of differences in mechanisms resulting in episodic acidification.
Episodic Mercury Mobilization
[37] Shifts in hydrologic source areas and flow paths that influence the source and character of the DOC supply to streams not only drives episodic acidification and aluminum mobilization, but also influences the transport of mercury from terrestrial soils to aquatic ecosystems. Figure 1 . Figure 4 . Snowpack, discharge, and stream concentrations of major solutes that regulate the acid-base status of W6 during snowmelt at the Hubbard Brook Experimental Forest.
Mercury Concentration and Flux
[38] Mercury concentrations observed in W6 stream water at the HBEF, even during high-flow events, are low compared to concentrations of mercury in stream water from other watershed studies [Shanley et al., 2002; Babiarz et al., 1998; Hurley et al., 1998; Scherbatskoy et al., 1998; Bishop et al., 1995; Krabbenhoft et al., 1995] . The low mercury concentrations are not surprising, as W6 has limited wetlands, few seeps, is dominated by upland deciduous forest ($85%), and exhibits low concentrations of TSS and DOC. Annual wet deposition of mercury at the HBEF is $8.7 mg/m 2 yr (MDN site NH02, available data spanned February 2004 through February 2005). Hydrologic connectivity between surficial terrestrial soils and the aquatic ecosystem is more spatially and temporally limited in this watershed than in watersheds with a greater percent area of wetlands, thus restricting transfer of dissolved mercury from forests to streams. Moreover, deciduous forests likely deposit less mercury to the forest floor than do conifer forests and deliver more of that mercury with leaf litter rather than in Figure 5 . Historic record of stream water chemistry during snowmelt months at the weir in W6, the reference watershed at the HBEF. Data are average concentrations from monthly sampling. Error bars indicate +/À 1 SE (C. T. Driscoll, unpublished data, 1984 Driscoll, unpublished data, -2005 . Figure 6 . Snowpack, discharge, and stream concentrations of mercury species, DOC, and organic acid anions during snowmelt at W6 at the Hubbard Brook Experimental Forest. throughfall, which may affect the ultimate fate of mercury in the ecosystem [Demers et al., 2007] . Thus, W6 at the HBEF is an end-member watershed representing an ecosystem that should export limited mercury to streams and down-gradient aquatic ecosystems.
[39] Average preevent base flow stream concentrations of mercury were 0.41 ng/L for bulk samples and 0.36 ng/L for the dissolved fraction (<0.45 mm (Figure 6) ). Stream water concentrations of bulk total mercury (Hg t ) increased exponentially with flow (R 2 = 0.69, p < 0.0001), reaching 2.6 ng/L at an instantaneous flow of 93.4 L/s; concentrations of dissolved mercury (Hg d ) also increased exponentially with flow to a maximum concentration of 1.2 ng/L (R 2 = 0.83, p < 0.0001 (PROC REG (SAS Institute Inc., SAS OnlineDoc, version 8, Cary, North Carolina, 1999 , hereafter SAS Institute Inc., 1999 )) ( Figure 6 ). These patterns contrast with snowmelt at Sleepers River Vermont where Shanley et al. [2002] measured order of magnitude higher particulate mercury (Hg p ) concentrations (16 ng/L) and two times higher dissolved mercury concentrations (2 ng/L) compared to W6 at the HBEF. High-flow conditions result in a range of responses in mercury export from wetland and forest ecosystems.
[40] The exponential relationship between mercury concentration and discharge implies that a disproportionate amount of mercury export occurs during high-flow events. The total amount of mercury exported from W6 during the snowmelt period (24 March to 7 May 2005) was 59.8 mg. Estimated mercury fluxes from the two largest snowmelt peaks were 24.2 mg ) and 13.3 mg (DOY 113.6-117.2), respectively. Thus, nearly two thirds (63%) of the mercury export from the entire snowmelt period occurred during two high discharge events that represented only a third of total discharge and 15% of total duration of the snowmelt. For illustrative purposes, we estimated total annual export of mercury from W6 using the concentration: flow relationship developed for the snowmelt period coupled to the annual hydrograph. Based on this estimate, the snowmelt period accounted for 35% of estimated total annual mercury export (172.7 mg); the five peak flows of the annual hydrograph that exceeded 100 L/s (which include two peak snowmelt flows) accounted for 72% of estimated annual export of total mercury and 78% of estimated annual export of dissolved mercury.
[41] Transport of mercury associated with both the dissolved and particulate fractions substantially contributed to mercury export during snowmelt. However, the dissolved fraction was more important during high flows at the HBEF than observed in Vermont for high-flow events in forested ecosystems [e.g., Shanley et al., 2002; Scherbatskoy et al., 1998] , with the particulate fraction dominating only at the highest flows (Figure 6 ). Across the entire snowmelt hydrograph, the percentage of Hg t concentration accounted for by the dissolved fraction ranged from 37% to 100% of Hg t concentrations (mean 77.5%, SE 5.8, n = 20) . Dissolved mercury (Hg d ) accounted for 37% and 46% of Hg t flux during the two highest snowmelt peaks, and was 53% of the total mercury flux during the entire snowmelt period. These fractions of Hg d were large in comparison to the partitioning of mercury at peak snowmelt in Vermont (only 12.5% Hg d , as calculated from data by Shanley et al. [2002] ). Moreover, mercury transported in the dissolved phase may be more bioavailable for methylation in downstream aquatic ecosystems than mercury associated with particulate matter [Munthe et al., 2007] . Thus, both the particulate and dissolved phases of mercury are important contributions to Hg t export during snowmelt at the HBEF.
Methyl Mercury Concentration and Flux
[42] In contrast with Hg t , discharge explained only a moderate amount of the variability in particulate associated MeHg (MeHg p ; r 2 = 0.34, p = 0.008), and was not related to the variation in dissolved MeHg ( (Figure 6 ). The percentage of Hg t as MeHg was large, ranging from 1.6% to 14.5% in bulk samples and from 1.4% to 10.4% in filtered samples. Note that the %MeHg values are based on small MeHg and Hg t values, and should be interpreted with caution. Nonetheless, the percentage of Hg d as MeHg (i.e., %MeHg) across the hydrograph revealed an intriguing pattern; the %MeHg peaked just after the first small snowmelt peak on the hydrograph (10.4% MeHg; 10.9 L/s (Figure 6) ). Proceeding from this first flush, and as discharge continued to increase, the %MeHg declined ( Figure 6 ). Subsequent peaks in %MeHg tended to occur on rising limbs of the hydrograph, possibly as different hydrologic source areas in the watershed began to contribute shallow soil water to stream flow. This pattern may suggest that MeHg is produced within forest soils under winter conditions and that MeHg pools in soil solutions are diluted as flushing exceeds production. Alternate explanations for the observed patterns are possible (e.g., demethylation dynamics, or a spike in methylation at snowmelt); however, it is difficult to evaluate the mechanism responsible for these patterns without mercury data from within the forest soil pools. 3.4.3. Mercury, TSS, DOC, and Organic Acid Anion Charge Density
[43] Despite relatively low concentrations, DOC and TSS appear to influence mercury dynamics at the HBEF. Dissolved mercury (Hg d ) was more strongly correlated with DOC (r 2 = 0.91, p < 0.0001) than particulate mercury (Hg p ) was with TSS (r 2 = 0.40, p < 0.01 (PROC REG (SAS Institute Inc., 1999))). As mercury has been shown to correlate with organic carbon [e.g., Meili, 1991] , it is not surprising that peaks in Hg p and Hg d coincided with peaks in TSS and DOC, respectively ( Figure 6 ). However, the quantity of mercury transported by DOC on a per mol basis (Hg d /DOC) varied by more than 50% over the hydrograph (1.3 Â 10 À8 to 2.1 Â 10 À8 ), and the ratio of Hg d to organic acid anion charge density (Hg d /([A À ]/DOC)) followed a similar pattern, varying by more than 300% across the hydrograph (Figure 6 ). Thus, increases in mercury transport may not simply be due to increases in DOC concentration alone, but may also be influenced by the source and associated character of the DOC.
[44] Statistical models that distinguish between hydrologic source areas within the watershed help explain fluctuations in (Hg ., 1999) )). Moreover, stream water Hg d was also better explained by a model that distinguished between hydrologic source areas within the watershed; that is, all of the variability in the spatially explicit model could be explained by the amount of discharge originating from shallow soils in the HH/SFB zone (r 2 = 0.92, p < 0.0001 (PROC REG (SAS Institute Inc., 1999))). Thus, these discrete shifts in mercury density on DOC suggest the influence of DOC that varies both in character and contributing source area within the watershed.
[45] Observed changes in the character of DOC corroborate changes in the hydrologic flow paths predicted by our hydrograph separation model. Soil solutions within the hardwood subcatchments show greater DOC concentrations, greater [A À ], and greater ([AÀ]/DOC) in more shallow soils (i.e., Oa and Bh horizons) than in lower mineral horizons (i.e., Bs horizon (Table 3) ). Soil solutions within the SFB subcatchment lack a distinct pattern along the soil depth profile; however, shallow soil solutions in the HH and SFB zone have greater DOC and [A À ] concentrations than soil solutions in corresponding horizons in the LH zone (Table 3) . Along an elevational gradient within the stream, DOC concentrations, [A À ], and ([A À ]/DOC) are greatest in the SFB zone at the top of the watershed, and decrease downstream (Table 4 ). This elevational pattern within the stream may, in part, be due to dilution effects or in-stream abiotic sorption of DOC, or both [McDowell, 1985] . Whereas McDowell [1985] found biotic processing of DOC to be minimal in the stream draining W6, recent work in other regions suggest that DOC character may be microbially altered within the stream ecosystem [e.g., Frost et al., 2006; Young et al., 2004] . Nevertheless, changes in DOC character across the hydrograph coincide with shifts in source areas and flow paths modeled by our hydrograph separation. Hydrologically induced changes in DOC character also have been demonstrated in other studies. In a small watershed associated with a fen wetland, Maurice et al. [2002] found that the contribution of soil pore water relative to groundwater influenced both the concentration and character of natural organic matter in streams. In the Colorado Rockies, Hood et al. [2005] showed that seasonal shifts in the chemical character of DOM resulted from changes in the source of that DOM. Dai et al. [2001] studied organic matter chemistry at the HBEF and concluded that variation in hydrologic flow paths are important in regulating the organic matter chemistry of stream water. Hence, increased mercury transport during high-flow events is not simply due to an increase in the concentration of the same DOC that is exported at base flow, but instead there appears to be a shift in the source area and associated character of DOC (as inferred above from Hg:DOC ratios). Shanley et al. [2008] showed that the Hg:DOC ratio in stream water increased as snowmelt progressed at Sleepers River in Vermont and suggested that Hg was associated with a particular fraction of DOC. Clearly, the character and contributing source of DOC influences the transport of dissolved mercury at the HBEF and likely in other forested watersheds. Ultimately, differences in hydrology within (and among) watersheds determines contributing source areas and hydrologic flow paths that influence the concentration and character of DOC (and POC) which, in turn, drives concentrations and fluxes of dissolved (and particulate) mercury transported from terrestrial to aquatic ecosystems.
Conclusions and Implications
[46] DOC plays a key role in episodic acidification and mercury transport during snowmelt at the HBEF, even though DOC concentrations are relatively low. The supply of DOC that links episodic acidification by natural organic acids and mobilization of dissolved mercury is governed by shifts in hydrologic flow paths and contributing source areas. This research highlights the importance of spatially and temporally dynamic hydrologic connectivity between the uplands and the aquatic ecosystem, and this dynamic hydrologic connectivity influences how we should (1) assess stream solute loads given the discharge-dependent chemistry and (2) consider the environmental consequences of the timing and distribution of the delivery of those loads to surface waters (e.g., pulses of toxic concentrations of labile (inorganic) monomeric aluminum and elevated loads of total mercury). Ultimately, terrestrial ecosystems mediate the transfer of atmospheric deposition from uplands to aquatic ecosystems, imposing lags upon the recovery of surface waters despite decreases in atmospheric emissions and deposition of pollutants.
[47] Note that for this end-member site representing (1) limited recovery from acidification; (2) low concentrations of dissolved organic carbon; and (3) low mercury deposition and export, small increases in DOC export associated with high flows are linked to mercury export from terrestrial ecosystems to surface waters. Thus, processes that generate and mobilize DOC within the watershed ultimately control mercury export dynamics from terrestrial ecosystems.
[48] Recently, some watersheds in North America and Europe have begun to recover from chronic acid deposition [Stoddard et al., 1999; Skjelkvale et al., 2001; Driscoll et al., 2003] . However, the degree of recovery of surface water pH and ANC has been less than expected with respect to measured declines in sulfate emissions and deposition, buffered in part by concomitant increases in DOC [Stoddard et al., 2003; Driscoll et al., 2003; Skjelkvale et al., 2001 Skjelkvale et al., , 2005 . It is possible that there also has been a concomitant increase in mercury export from terrestrial ecosystems (i.e., based on DOC-Hg relationships), and this may be one possible mechanism explaining the long-term decrease in mercury retention within the terrestrial ecosystem [Lorey and Driscoll, 1999; Engstrom and Swain, 1997] (see section 1). Increases in DOC export that might bind and therefore detoxify Al i may, at the same time, exacerbate mercury mobilization. As ecosystems continue to recover from chronic acidification and respond to broader environmental change, shifting DOC dynamics will likely play an important role in the transfer of both aluminum and mercury loads from uplands to surface waters.
